, polymath, playwright, Nobel prize winner, and the most prolific letter writer in history, was an advocate of English spelling reform. He was reportedly fond of pointing out its absurdities by proving that 'fish' could be spelt 'ghoti'. That is: 'gh' as in 'rough', 'o' as in 'women' and 'ti' as in palatial. 
a new international treaty for the conservation and sustainable use of biodiversity beyond national jurisdiction (BBNJ). The new treaty offers an excellent opportunity to address discrepancies in how MCS is applied across regional fisheries management organizations (RFMOs). This paper identifies ways that automatic identification system (AIS) data can inform MCS on the high seas and thereby enhance conservation and management of biodiversity beyond national jurisdictions. AIS data can be used to (i) identify gaps in governance to underpin the importance of a holistic scope for the new agreement; (ii) monitor area-based management tools; and (iii) increase the capacity of countries and RFMOs to manage via the technology transfer. Any new BBNJ treaty should emphasize MCS and the role of electronic monitoring including the use of AIS data, as well as government-industry-civil society partnerships to ensure critically important technology transfer and capacity building. Between 1950 and 1989 , industrial marine fisheries catch in the open-ocean and deep-sea beyond 200 nautical miles from shore increased by a factor of more than 10 and landed value increased by a factor of more than 17 (Figure 1A ,B; Pauly & Zeller, 2015 , 2016 .
| INTRODUC TI ON
This growth was three times the rate of increase in catch and value within national waters (i.e. within exclusive economic zones) during the same time period. Since 1990, catch and value of high seas marine fisheries has remained relatively stagnant (FAO, 2016) , but fishing effort and all concomitant impacts that derive from putting more fishing gear in the water more than doubled between 1990 and 2006 (Merrie et al., 2014) . In geographic terms, the greatest expansion of fishing effort during the second half of the 20th century took place primarily beyond the limits of the continental shelf and in what are now "areas beyond national jurisdiction" (ABNJ; Morato, Watson, Pitcher, & Pauly, 2006; Pauly, Watson, & Alder, 2005; Swartz, Sala, Tracey, Watson, & Pauly, 2010) .
This rapid expansion of high seas fisheries has been followed, with a significant lag, by an expansion in the number of regional fisheries management organizations (RFMOs) charged with managing fishing on the high seas. In 1995, six years after high sea fisheries production levelled off, the United Nations Fish Stocks Agreement areas beyond national jurisdiction, automatic identification system, biodiversity, monitoring, regional fisheries management organization, surveillance F I G U R E 1 High Seas capture fisheries production (a) and value (b) from 1950 to 2010. Catches grew from ~450,000 tonnes (US$639 million) in 1950 to ~5,165,000 tonnes (US$10.6 billion) in 1989; far outpacing global growth in coastal zone catches and value during the same time period. Data downloaded from the Sea Around Us Catch Reconstruction Database (Pauly & Zeller, 2015 , 2016 [Colour figure can be viewed at wileyonlinelibrary.com] unevenly implemented, which has undermined efforts to sustainably use high seas and straddling stocks and magnified biodiversity impacts (Pitcher, Kalikoski, Pramod, & Short, 2009 Dulvy et al. (2008) , three quarters of all oceanic shark and ray species are experiencing the same level of threat. Overfishing and IUU fishing have led to severe declines in many target and non-target species (e.g. Harley, Davies, Hampton, & McKechnie, 2014) . Fisheries have also reduced oceanic biodiversity (Worm et al., 2006) and resilience of these ecosystems to other stressors like climate change (Brander, 2010) . The synergistic impacts of fisheries and climate change can induce profound transformations in ecosystem dynamics (Jones & Cheung, 2015) potentially resulting in regime shifts (Daskalov, Grishin, Rodionov, & Mihneva, 2007) . Together with a reduction in effort and a focus on ecosystem-based management, stronger implementation of MCS is a prerequisite for addressing any of the species, community and ecosystem impacts described in reviews of impacts of fisheries on deep-sea and open-ocean ecosystems (Clark et al., 2016; Crespo & Dunn, 2017; World Bank 2017) . 
| Current status of MCS tools
Progress is being made to implement many of the measures recommended by the Review Conference. Vessel lists and compliance in- Similarly, progress has been made implementing observer programmes by RFMOs and States. However, such programmes are a relatively new feature of global and high seas fisheries management and many RFMOs (including at least one tuna-RFMO) had no observer coverage as of 2013 and two-thirds of RFMOs fisheries lack adequate observer coverage (Gilman, Passfield, & Nakamura, 2014) . This remains the case even though observer programmes to assess the status of fish stocks and the potential ecological impacts are considered essential elements of any MCS framework in developed fisheries (Gilman, 2011; Lewison et al., 2011) . Even where it is implemented, observer coverage is not split evenly among fisheries within an RFMO or across the national observer programmes related to transboundary stocks. Allain et al. (2011) (Dunn & Knuckey, 2013) . While fisheries such as the tropical tuna purse-seine fishery have begun testing the reliability of these camera systems and compared their accuracy to on-board observer data, the results have been varied (Ruiz et al., 2015) . Cost-efficient and-effective MCS measures across all of these categories still need to be developed, supported and expanded to provide statistically significant sampling that can track not just species-level impacts, but community and ecosystem level impacts and the necessary inputs to control and enforcement activities.
| High seas governance
The difficulties of implementing adequate monitoring, control and surveillance systems described above become an even larger problem where there is either no RFMO or the existing RFMO does not cover all the targeted fish stocks. While tuna RFMOs have almost global coverage, non-tuna RFMOs have patchier geographic coverage across all ocean basins . Geographic Conservation and sustainable use of high seas biodiversity requires an ecosystem-based approach underpinned by data collection and the use of all of the tools in our policy and management toolboxes, including vessel tracking data. A further critical but underutilized tool is collaboration between competent management organizations, academia and industry to assess and monitor the impacts of fisheries on oceanic systems (Crespo & Dunn, 2017) . Here, ahead of the upcoming BBNJ treaty negotiations, we lay out how the use of AIS data via industry/academia/civil society organization partnerships can inform implementation of area-based management tools, including MPAs, the conduct of EIAs and technology transfer and capacity building. Below, we provide an overview of AIS data and three use cases to highlight the many ways vessel tracking data can support biodiversity conservation and sustainable use in ABNJ.
| Automatic identification system
Automatic identification system was initially developed to aid in ves- Kroodsma et al. (2018) estimate that one AIS tracking data set, Global Fishing Watch, contains data on 50%-75% of fishing vessels larger than 24 m, >75% of vessels larger than 36 m and 50%-70% of the total fishing effort (by kilowatt hour) beyond 100 nautical miles from land. (Chang, Yuan, & Trenkel, 2014; Hu, Jiang, Souza, Pelot, & Matwin, 2016; Jennings & Lee, 2011; Lee, South, & Jennings, 2010; Longépé et al., 2017) , the higher temporal resolution of the AIS data should make it inherently more useful for these purposes (McCauley et al., 2016; Natale, Gibin, Alessandrini, Vespe, & Paulrud, 2015; de Souza, Boerder, Matwin, & Worm, 2016) , among other conservation science and policy objectives (Robards et al., 2016) . Arguments have been made that VMS have higher spatial coverage away from shore (e.g. Russo et al., 2016) , but these reflect systems where the AIS is not communicating through satellites. VMS does have higher levels of fleet coverage in nearshore fisheries, but there has been no indication that this is the case for larger vessels participating in fisheries beyond national jurisdictions relevant to the BBNJ negotiations. Regardless, direct comparisons between the two systems are limited and further studies are necessary (Russo et al., 2016) .
Automatic identification system data alone do not provide information on the specific type of gear. Convolutional neural networks, a form of machine learning commonly used in image recognition, are being used to identify general fishing gear behaviour (e.g. trawling, purse seining, longlining). Limited by the availability of training data, these algorithms have not yet been used to identify more specific vessel fishing behaviour such as bottom or mid-water trawling (Kroodsma et al., 2018) . However, the vessel identifiers found in each AIS data message can be combined with other data sources (e.g. the EU fishing fleet register) to identify the specific gear type of the vessel (Natale et al., 2015) . Various algorithms have been developed to then calculate the probability that a vessel is fishing based on the gear type and its movements. In this paper, the presence of fishing activity at each AIS data point and the number of fishing hours exerted in a given cell were classified using the algorithm developed by Kroodsma et al. (2018) .
| US E C A S E S
From questions of scope (e.g. should the treaty cover fisheries at all) to discussions of how area-based management tools, EIAs and technology transfer might be implemented, AIS data have direct relevance to the discussions of a new treaty for the conservation and sustainable use of biodiversity beyond national jurisdiction.
Below, we provide three use cases, illustrating how AIS data can be utilized to inform negotiations over, and eventual implementation of, a new treaty for biodiversity beyond national jurisdiction.
First, we visualize geographic and taxonomic gaps in governance.
Second, we examine how AIS can be used to provide MCS for areabased management tools in ABNJ. Finally, we illustrate the utility of AIS in tracking and better understanding fishing activities that intersect multiple RFMOs and the associated benefits of globallycoordinated technology transfer and cooperation to better manage such activities.
| Use Case 1: Governance gaps in ABNJ
As discussions move towards how to incorporate fisheries into the scope of a new internationally legally binding instrument, it is evident that there is need for a more comprehensive global regime as called for under UN resolution 69/22. Fishing in much of the high seas is managed by RFMOs, but clear gaps in RFMO governance exist. We suggest that AIS, and the tools that utilize such data, has a key role to play in visualizing these geographic and taxonomic gaps in governance. of how an ABMT may be monitored against a management objective. Following anecdotal reports by fishermen on purse seine vessels of preferred fishing along the boundary of the reserve, Boerder, Bryndum-Buchholz, and Worm (2017) investigated the distribution of fishing effort using long-term on-board observer data as well as high-resolution AIS data. Hotspots of catch, fishing effort and catch per unit effort all shifted closer to the reserve boundaries after establishment of the reserve. In addition, the analysis of the fine-scale AIS data revealed that fishing effort (defined as density of purse seine sets/km 2 ) was up to four times greater within 20 km of the reserve than in the surrounding area.
This behaviour (i.e. fishing close to a reserve boundary) is known as "fishing the line" and can be an indication of fishermen benefitting from density-dependent spillover of fish leaving the reserve and has previously been identified in other areas with ABMTs as well as through theoretical modelling (Kellner, Tetreault, Gaines, & Nisbet, 2007; Murawski, Wigley, Fogarty, Rago, & Mountain, 2005) .
Monitoring of large-scale area-based management tools similar in size to PIPA and the Galápagos Marine Reserve will be crit- 
| Use Case 3: Multi-RFMO interaction and technology transfer
The movement of resources and resource users between RFMO boundaries presents a challenge to regional sectoral governance and limits our ability to develop an integrated global understanding of how fishing effort is impacting biodiversity in ABNJ. AIS data can provide overarching insight into how vessels travel and fish between RFMOs and can identify the ports they visit. We illustrate this point here by describing the activity of a longliner flagged to Japan that visited four RFMOs and three ports from January 2015 For AIS to become an effective tool for MCS, three things are necessary. First, the minimum size of vessels required to carry AIS needs to be decreased so that more fishing vessels are included.
| RECOMMENDATI ON S AND CON S IDER ATI ON S FOR THE FUTURE
For example, if a regulation similar to that of the European Union (which requires all vessels greater than 15 m to carry AIS) was mandated, 72.7% of all fishing vessels that provided their vessel length in the CLAV list would be included. Ideally, this size requirement would be adopted on the international (IMO), regional (RFMO) and national level (individual states). Second, vessels that are required to carry AIS should also be required to register for an IMO number and include that number as part of a database, ideally an updated version of the FAO Global Record of Fishing Vessels. Finally, and most importantly, AIS should be adopted as a control tool and compliance should be enforced, assuring that the device is activated and transmitting the vessel's correct location at all times (cf. the aforementioned Pacific Forum Fisheries Agency requirements for listing on its vessel registry). Tools are currently being developed to identify any inconsistencies in AIS data that may indicate noncompliance, including when a device has been turned off, or is transmitting an incorrect location by several civil society partnerships. In addition, direct comparisons between regional VMS and AIS data collection will help validate the correspondence between the monitoring methods in terms of vessel tracking, identification and gear type behaviour.
Automatic identification system is an important tool to be integrated into the institutional arrangements agreed on during the BBNJ treaty negotiations. Regardless of whether a single overarching structure is developed or coordination and cooperation among existing sectoral and regional competent authorities are reinforced, mechanisms will need to be built that support a more holistic MCS system across regions and authorities with a range of capacities. AIS data, the tools described above, and the civil society partnerships that have developed them, are a critical element to improving MCS and ensuring effective conservation measures and sustainable use of biodiversity beyond national jurisdictions.
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